Correlated phases of matter provide long-term stability for systems as diverse as solids, magnets, and potential exotic quantum materials. Mechanical systems, such as relays and buckling transition spring switches can yield similar stability by exploiting non-equilibrium phase transitions. Curiously, in the optical domain, observations of such phase transitions remain elusive 1,2 . However, efforts to integrate optical and mechanical systems -optomechanics 3-5 -suggest that a hybrid approach combining the quantum control of optical systems with the engineerability of mechanical systems may provide a new avenue for such explorations 6-10 . Here we report the first observation of the buckling of an optomechanical system, in which transitions between stable mechanical states corresponding to both first-and second-order phase transitions are driven by varying laser power and detuning. Our results enable new applications in photonics and, given rapid progress in pushing optomechanical systems into the quantum regime, the potential for explorations of quantum phase transitions.
Optomechanical systems provide a unique connection between light and mechanical motion [3] [4] [5] due to both their conceptual simplicity -radiation pressure force induces motion in a compliant optical element -and their practical applications in photonics and sensing [6] [7] [8] [9] [10] [11] . A canonical example is the modification of the mechanical spring constant via dynamical effects from the optical modes coupled to the mechanical system. First demonstrated experimentally in 2004 12 , the so-called "optical spring" effect has been employed in the contexts of gravity-wave detection 13 , optical trapping of a mirror 14 , raising the mechanical quality factor ("optical dilution") of a mechanical oscillator 15 , and optical cooling 16 . At the same time, more complex mechanical elements provide new opportunities. For example, nanomechanical devices can be used as memory cells [17] [18] [19] or as logic gates. A crucial ingredient for these applications is to develop a robust element that, when driven electronically or optically, can be set to one of two stable static states. The first experimental demonstration of bistability induced by radiation pressure was performed by Dorsel and collaborators in 1983 1 , in which the length, and thus the resonant frequency, of a Fabry-Perot cavity was modified by the circulating optical power. Shortly thereafter an analogous experiment was performed in the microwave domain 20 . This work was followed by numerous proposals of applications, including the realization of controllable buckled optomechanical systems 2 . Somewhat surprisingly, the applications were not pursued, and in fact to our knowledge the only experiments involving optomechanical bistability reported in the meantime have either involved additional electrostatic feedback 21 or a photothermal mechanism 22, 23 rather than radiation pressure. Instead, dynamical effects, necessary for laser cooling and exploration of narrowband behavior, have been the focus of researchers in nanoscale optomechanics in recent years. At the same time, static properties beyond bistability provide a new window 2,24 into both our understanding of phase transitions and new application spaces for optomechanics in sensing and optical information processing. While some experiments with optically driven, pre-buckled devices have yielded successes 19 , the mechanical potential was not optically modified in those systems.
Here we report the observation of radiation-pressure induced buckling phase transitions in an optomechanical system for the first time since it was predicted several decades ago 2 . Our approach relies on a symmetrical optical cavity with a dielectric membrane in the middle [25] [26] [27] , where the behavior of the mechanical system can be fabricated and characterized separately from the optics necessary to realize an optical cavity of high finesse. Using this platform, we demonstrate an optomechanical system that realizes controlled first-and second-order buckling transitions, where the overall displacement of the membrane is the order parameter. These transitions can be understood as arising when the static optomechanical potential changes smoothly from a single well to a multiwell potential as the optical driving power is increased. Unlike the situation in the pioneering experiment of Dorsel, in which the bistability was associated with a manifestly asymmetric optomechanical potential 2 , our realization results in a spontaneously broken symmetry as the optical drive passes through the transition point. We derive the phase diagram for the buckling transitions, and show good quantitative agreement between crucial points predicted in our phase diagram and the experiment.
A schematic of our apparatus is shown in Fig. 1a . Two
FIG. 1:
Experimental setup a, Curved mirrors ML and MR form a symmetric Fabry-Perot cavity. The tethered membrane that comprises our optomechanical resonator is placed in the center. The two pump and two probe fields used in the experiment are generated and locked to the cavity by means of independent tunable lasers Laser1 and Laser2, electro-optic phase modulators EOM1-EOM5, and an erbium-doped fiber amplifier EDFA (details are given in the Appendix). Light reflected from the cavity is captured by photodiode PD1 in order to lock the lasers to the cavity, and the beat signal between Laser1 and Laser2 is captured on PD2 to probe the membrane position. b, Microscope image of tethered SiN membrane. The central square is 200 µm on a side. c, Fundamental mechanical mode of membrane determined from finite element analysis; the frequency is 80.3 kHz. d, Optical transmission spectrum for membrane position x near the center of the cavity. Probe lasers PDH1 and PDH2 are locked to adjacent cavity modes whose resonance frequencies have opposite dependences on membrane displacement. Pump laser Pump1 is rigidly offset to probe PDH1 and detuned to the red of an adjacent cavity mode by ∆, and similarly for Pump2, as shown. When the membrane is displaced to the right, Pump1 is brought closer to resonance and Pump2 is driven further from resonance.
dielectric mirrors, identified as M L and M R , form an optical cavity with a length of ∼ 50 mm. At the center of the cavity is the optomechanical element, a tensioned silicon nitride membrane normal to the cavity mode with long thin tethers connecting the membrane to its frame. An image made with an optical microscope is shown in Fig. 1b , and a finite-element simulation of the fundamental mechanical mode is shown in Fig. 1c . It has a fundamental mechanical frequency of ω m = 2π × 80.3 kHz, designed to allow for substantial optical spring effects at low laser power. The experiment is performed at room temperature and pressure. Our approach relies on driving two different optical modes, denoted a L and a R , which have optomechanical couplings of opposite signs. For small displacements of the membrane to the left, mode a L is shifted up in frequency while a R is shifted down, and vice-versa. A twodimensional experimental plot of cavity transmission versus membrane position and optical frequency is shown in Fig. 1d ; the spectrum is periodic with frequency, so for any membrane positions x except those corresponding to extrema in the spectrum, there is a large set of pairs of modes with opposite optomechanical couplings g L,R (slope of curves in Fig. 1d ). The linewidth (FWHM) κ/(2π) of the cavity modes is approximately 1.8 MHz. We move the membrane about 55 nm away from an anticrossing, where the optomechanical couplings have amplitudes of g L,R = ±2π × 2.1 kHz/pm, and use two such pairs, as illustrated to the right of Fig. 1d . Conceptually, there are four laser fields involved in our experiment, as we now describe.
Two independent probe lasers are locked to a pair of modes with opposite optomechanical couplings by means of the Pound-Drever-Hall (PDH) method, and denoted PDH 1 and PDH 2 in Fig. 1d . The probe fields are actually first-order sidebands generated by electro-optic phase modulators EOM 1 and EOM 2 , as shown in Fig. 1a , on independent lasers denoted "Laser 1 " and "Laser 2 ." (A detailed description of how the laser fields are generated can be found in the Appendix). Due to the opposite signs of the optomechanical couplings of the modes to which the probe fields are locked, the frequency difference between PDH 1 and PDH 2 is proportional to the membrane displacement, with twice the response of either mode alone. We access this frequency difference by counting the beat signal between the two lasers as detected with photodetector PD2. At the 2 kHz data acquisition rate employed in this work, the position measurement resolution is below 1 pm.
We supplement the probe fields with additional fields in order to create a tailorable multiwell optomechanical potential. Two strong pump fields, denoted Pump 1 and Pump 2 in Fig. 1d , are generated by combining light from the lasers, amplifying it, and passing it through phase modulator EOM 3 . Pump 1 has power P L and (angular) frequency ν L and is frequency-offset from probe field PDH 1 by ∼ 2 GHz, the sum of the drive frequencies for EOM 1 and EOM 3 , such that it drives mode a L with (at low pump power) red detuning ∆ L . Pump 2 has power P R and angular frequency ν R and is similarly offset from probe PDH 2 so as to drive mode a R with detuning ∆ R . Crucially, the optomechanical coupling of each pump field is of the opposite sign of the probe field to which it is frequency-offset. While a rich variety of phenomena is accessible by taking independent values of P L , ∆ L , P R and ∆ R , the experiments described here employ the symmetric situation P L = P R and ∆ L = ∆ R .
In this configuration, there is only one stable steady state for low to intermediate pump power levels. At higher powers, however, additional steady states appear.
For the symmetric case we have constructed, the solutions to the dynamical equations describing these steady states have a particularly simple form. The optical fields a L (left-moving) and a R (right-moving) take the form of coherent states, with amplitudes
where Ω L(R) are related to the incident laser powers by
, and X is the steady-state displacement of the membrane, including the fundamental and higher modes. We note that the fact that the PDH lock tracks the changes in the cavity frequencies leads to a shift ν → ν ∓ gX for the steady state, effectively enhancing the low frequency contribution to g by a factor of 2 (for details, see the Appendix).
As in the experiment, we only focus on the lowest frequency mechanical mode and symmetric driving and detuning, Ω L(R) = Ω, ∆ L(R) = ∆. This mode feels a radiation pressure force and a spring-based restoring force with spring constant k = mω 2 m , and the steady state is determined by points where the total force is zero and restorative under small variations in X. Qualitatively, the membrane's motion evolves in a potential combining its internal spring and two competing optical springs. Zeros in the force (minima and maxima of the potential) occur when
2 is the square of the frequency shift including PDH feedback, and the parameter A ≡
is proportional to the pump power. This equation has solutions for u = 0 and for u = u ss ≡ ∆ 2 − κ 2 /4 ± √ A − ∆ 2 κ 2 ; physical solutions require u ≥ 0. Implicitly this requires A > ∆ 2 κ 2 , so that u ss is real. For ∆ < κ/2, there is only one non-zero u solution, and the system continuously goes, as a function of power, from X = 0 to X = ± √ uss 2g . This is in direct analogy to a second order buckling transition in a spring, where the broken left/right symmetry is evident even for arbitrarily small values of the displacement. For ∆ > κ/2, however, there are two solutions for u ss . The smaller corresponds to an unstable branch, while the larger is stable. This leads to a discontinuous change of the membrane displacement at the transition radiation pressure, and provides a first order buckling transition in the optomechanical system. The overall phase diagram, including the experimentally probed regimes, is shown in Fig. 2 . Both first and second-order transitions occur, depending upon the detuning, for increasing power. However, at sufficient powers, the system goes unstable (orange region in Fig. 2 ) and begins to display limit cycle behavior. We generally only consider power levels below this instability. We now show the experimental buckling of the optically sprung membrane for ∆ = 2π × 0.4 MHz = 0.22 κ, where we expect that the dynamics will correspond to a second order buckling transition. In the absence of a pump laser, the membrane experiences a pure mechanical single-well quadratic potential and fluctuates around the stable position due to both thermal and technical noise. We record the position of the membrane at a sampling rate of 2 kHz for 5 seconds; Fig. 3a shows a characteristic subset of the data for 0.4 seconds, and Fig. 3b shows a histogram of the complete data set, peaked around zero displacement as expected. When the pump fields are turned on, with pump power P L = P R = 2.2 mW, the membrane fluctuates around two stable positions, as shown in the time series in Fig. 3c . We attribute the jumping between stable positions primarily to mechanical noise in the nanopositioning stage holding the tethered membrane. As shown in the histogram of the membrane position in Fig. 3d , the membrane buckles to either left or right. The steady-state positions predicted by the theory discussed earlier are shown in Fig. 3e as a function of pump laser power for our experimental conditions. Corresponding experimental histograms of the membrane position are shown for the same range of pump powers in Fig. 3f . Both theory and experiment indicate an apparent second order phase transition in the membrane displacement X as the pump power is raised.
In addition to the order parameter (X), the dynamical response of the system changes as it passes through the buckling transition. We observe this by analyzing the spectrum of the PDH signal for frequencies higher than the bandwidth (∼ 3 kHz) of the servos used to lock the lasers to the cavity. Fig. 3h shows that as the pump power is raised, the frequency of the optically sprung resonator initially diminishes, and then rises above the frequency of the bare mechanical resonator as the system buckles. This is consistent with the picture that the membrane transitions to a double-well potential from the sum of the mechanical and optical potentials.
Curiously, the frequency of the mechanical mode does not go all the way to zero at the phase transition, as might be expected. This is a consequence of the limited bandwidth of the feedback electronics used to lock the probe lasers to the optical resonances. Specifically, the opposite frequency dependence with position of the pump lasers and their associated probes (Fig. 1d) results in a doubling of the optomechanical coupling for displacements within the bandwidth (∼ 3 kHz) of the feedback electronics, relative to displacements at substantially higher frequencies. Since the mechanical frequency of the membrane is far above this cutoff, the optical power required to buckle the membrane is well below the power required to drive its frequency to zero in the unbuckled state. Qualitative agreement with the single mechanical mode theory (including the effect of the feedback; see Appendix) is obtained and shown in Fig. 3g , but quantitative agreement likely will require inclusion of the higher mechanical modes whose properties remain challenging to fully characterize in the present setup.
Based upon the theoretical understanding of the phase diagram, we expect the buckling transition to be qualitatively different for detunings ∆ ≥ κ/2. Fig. 4 shows our examination of the buckling transition for ∆ = 2π × 1.2 MHz = 0.67 κ. Once again, Fig. 4a and Fig. 4b depict the noise-induced fluctuations of the membrane in the absence of pump lasers. Fig. 4c and Fig. 4d show the time series and histograms of membrane position for P L = P R = 3.0 mW; this time, the membrane fluctuates around three stable positions, either remaining unbuckled or buckling to either left or right. When the pump powers are raised to 3.8 mW, only the buckled states remain stable, as shown in Fig. 4e and Fig. 4f .
Theoretical predictions of the steady states as a function of pump power are shown for our experimental conditions in Fig. 4g , and the corresponding experimental histograms of the membrane position are shown in Fig. 4h . In addition to the initial unbuckled state, two more stable positions appear discontinuously as the pump power is increased, indicating that the membrane now experiences an effective triple-well potential. This jump to a finite displacement of the membrane corresponds to a nonequilibrium first order phase transition. As the power is raised still further, the steady state at zero displacement becomes unstable, and the potential becomes a double well.
Examination of the mechanical oscillation frequency, Fig. 4j , once again reveals that the frequency of the optically sprung oscillator initially diminishes with pump power, but jumps to a value larger than the bare mechanical frequency in the final double-well regime. For a small range of powers, corresponding to the triple-well regime, the frequency distribution is bimodal. The corresponding theoretical curve, including feedback as discussed previously, is shown in Fig. 4i , where it is clear that different mechanical frequencies are expected in the local potential minima corresponding to the buckled and unbuckled states in the triple-well potential regime.
We note that the power levels chosen push into the nominally unstable region of the phase diagram for the large detuning data. The initial behavior in this unstable region, however, corresponds to a limit cycle behavior analogous to that of a Duffing oscillator, leading to deviations in the experiment from the simple theoretical picture presented earlier, as the system wanders in a potential landscape with position-dependent gain and loss. We believe that this fact, coupled with the feedback and the restriction of our theoretical model to a single mechanical mode, are responsible for the differences in the shapes of the experimental data in Fig. 4h and Fig. 4j from their theoretical counterparts Fig. 4g and Fig. 4i , rather than any essential physics not described already.
Our system is in the classical regime, working at room temperature and with low quality factor. However, at low temperatures and high quality factor, a quantum phase transition may be observable in systems of this nature 28 . Specifically, optomechanical systems can be made sufficiently cold -with a nominal dephasing rate slower than their resonance frequency -and sideband resolved to be laser cooled to their groundstate before buckling 29 . Then a rapid increase in pump power bringing the system across the transition could yield a transition driven entirely by quantum fluctuations, a macroscopic version of structural quantum phase transitions such as those in ion crystals 30 . In conclusion, we have realized an optomechanical system in which it is possible to force mechanical (buckling) phase transitions of the first or second kind, using the detuning as the control parameter and the optical power to effect the transition. It is straightforward to understand the physics in terms of a configurable optical spring creating double-well and triple-well mechanical potentials. Furthermore, we have presented an analytic theory with remarkably simple results that captures nearly all of the experimental results that we observe. This approach provides a new platform for further studying quantum physics such as macroscopic quantum tunneling 24 when taken to the cryogenic domain. In addition, our results suggest a variety of potential applications to active and passive optical devices, including low-power switches, power filters, and self-excited oscillators.
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Appendix A: Derivation of the phase diagram
Consider a two-mode optical system where the optical frequency difference is much larger than any mechanical scale in the problem. We can then neglect beating between the two optical fields, and work with each cavity mode rotating in a frame near resonant with the closer of the two pump lasers with Rabi frequencies Ω L , Ω R . Labeling the modes L and R (where L represents a mode that increases in frequency as the mechanical oscillator moves leftward, and R the opposite), we have equations of motion for the fields a L , a R in this rotating frame:
where ∆ L = ν L −ω L is the detuning between the L pump laser and the cavity L mode (initially negative for our setup), a L(R),in are the input vacuum fields neglected in the classical analysis that follows, and x is the operator representing the displacement of the mechanical oscillator along the cavity axis relative to the zero pump power position, which in general involves the motion of multiple mechanical modes. The coupling constants g L , g R are measured in the experiment by observing the change of angular frequency for the cavity as a function of position of the membrane. We neglect terms beating at the laser frequency difference (∼ 8 GHz, and thus faster than any other scale in the problem). In the experimental setup, κ L ∼ κ R = κ. The radiation pressure force is
R a R ). Note that for our system g L = g R = g, and we similarly set κ L = κ R = κ for simplicity, neglecting potential dispersive effects.
When an optical system is pumped with a laser system, the behavior is best described by finding the classical steady state of the system and looking at fluctuations around that steady state. For simplicity, we start with the scenario where only the fundamental mechanical mode with spring constant k is coupled to the optical system. We can look for the steady state of the driven system by solving the equations for coherent state amplitudes α L , α R . This yields
where X is the steady-state position of the mechanical resonator.
To go from the cavity amplitudes to the full steady state requires examining both the cavity and the mechanical equations of motion. In practice, our description must also include the action of the feedback electronics, particularly if we want to know about the dynamics of our system. Fortunately, inclusion of the feedback can be included with a simple model with an additional degree of freedom δ representing the action of laser locking by the probe beams, which leads to slow feedback in the detunings of the pump fields. The equations becomė
where τ F B k/m is the feedback timescale, around 100 µs in the experiment, and ∆ 0 is the bare detuning offset set by the EOMs.
On very slow time scales, the system goes to a steady state with δ ss = gX (enabling readout of the position of the resonator using the feedback circuit). In practice, the effect of the feedback will be to double the optomechanical response in the system. The oscillator position is found by solving for the zero force condition
For the symmetric case, finding the steady state corresponds to solving a surprising simple equation for zero force. The zero force condition becomes
This has the trivial (low power) solution X = 0. In addition, at higher power it admits additional solutions. To examine the higher power solutions, we define u ≡ (2gX) 2 as a generalized position variable and A ≡ −8 g 2 |Ω| 2 ∆ 0 /k as a variable proportional to the incoming optical power. Note that ∆ 0 < 0 (red detuning) for the experiment, and thus A > 0. The zero force condition has solutions in u according to the quadratic equation:
Solutions to these equations provide the phase diagram shown in the main text. We examine which of these solutions is physical. We require X to be real, or equivalently u > 0 and real. If |∆ 0 | < κ/2, only the positive solution u ss,+ , can satisfy u > 0. At the critical value of A = A 2 ≡ (∆ 2 0 + κ 2 /4) 2 , u ss,+ = 0, and above this, u continuously takes a nonzero value. This corresponds to the second-order phase transition as described in the main text, and can be understood as a double well potential for X When |∆ 0 | > κ/2, both branches may satisfy u > 0. The requirement of u real is equivalent to A > A 1 ≡ ∆ 2 0 κ 2 , at which u discontinuously takes a non-zero value. This corresponds to the first-order phase transition as described in the main text. This second regime corresponds to a triple well potential for X, with the smaller solutions for u = 0 unstable (the peaks of the barriers between wells). Thus, if we conceive of a non equilibrium phase diagram in which optical power is varied, for small detuning a second order phase transition will occur, while for larger detunings, a first order (discontinuous change of X as a function of A) transition occurs.
One potential limit to stability for these systems is the detuning of the cavity modes becoming sufficiently modified by the transition to go from 'red' to 'blue'. This occurs when 2g|X| > |∆ 0 | or u > ∆ 2 0 , which occurs for
In practice, the stability of the overall system can be maintained even when one of the cavity modes is blue detuned, given sufficient mechanical damping. In addition, we find via numerical simulations that larger values of A lead to limit cycle behavior that behaves similarly to the steady state solutions already found.
Appendix B: Dynamical response
In addition to the steady state solutions, we can examine the dynamical response of the system near its steady state. As our system is operating in the limit of cavity linewidth much greater than mechanical frequency, we anticipate that the dominant corrections to the bare resonator behavior take the form of the optical spring effect.
Formally, we can find this behavior via expansion of the equations of motion for small excursions from the steady state solutions. Specifically, for equations of the motion of the formv µ = M µ ( v) − F µ , such as those given in Eqs. 1-2,4-6, we find the steady state v and expand around it with δ v. The corresponding equations of motion areδ
where the Einstein summation condition is implied for Greek indices. Moving to the Fourier domain with fre-quency coordinate ν, we can eliminate the equations involving fluctuations of the cavity fields, finding they directly depend upon the position fluctuations x and the detuning fluctuations δ.
Taking τ F B 1/ν but ν κ, we can expand the corrections from the cavity coordinates to recover the optical spring result: the spring constant k is modified, as is the mechanical damping γ and the effective inertial mass m:
where partial derivatives assume that steady state values α L , α R , X are independent of κ. In practice, for our parameters, the difference in the effective mass is negligible. These formula are then used to find the dynamical response and the stable region of the phase diagram given in the main text. In contrast to the case without feedback, here feedback causes the mechanical mode to have a non-zero frequency at the phase transition. While qualitatively the behavior is consistent between the theory and experiment, several simplifying assumptions preclude quantitative agreement. Our specific concerns include the role high frequency mechanical modes play. In addition, with the high circulating power in our system, substantial heating of the tethered membrane is expected.
Appendix C: Generation of pump and probe fields
We clarify here how the pump and probe fields represented in Fig. 1d of the main text are generated. Laser 1 and Laser 2 are independent tunable lasers with λ = 1560 nm. Referring to Fig. 5 of the Appendix, electro-optic phase modulators EOM 1 and EOM 2 are driven independently with frequencies in the vicinity of 1.5 GHz, and generate sidebands on Laser 1 and Laser 2 . The lower-frequency sideband of EOM 1 is denoted PDH 1 and locked to one mode of the cavity, and the upperfrequency sideband of EOM 2 is denoted PDH 2 and locked to an adjacent mode. Locking is accomplished by the Pound-Drever-Hall (PDH) method, using electro-optic modulators EOM 4 and EOM 5 to generate sidebands (not shown in the figure) at 20 MHz. Part of the light from Laser 1 and Laser 2 is combined and amplified in an erbium-doped fiber amplifier and passed through phase modulator EOM 3 , driven at a frequency of approximately 0.5 GHz. The upper-frequency sideband of Laser 1 is denoted Pump 1 and the lower-frequency sideband of Laser 2 is denoted Pump 2 . The detunings ∆ L and ∆ R (taken to be equal in the experiment) of the pump fields from their associated cavity modes may be controlled independently by choice of the frequencies driving EOM 1 and EOM 2 . The probe fields are combined and sent into one port of the cavity, and the pump beams are combined and sent into the other port.
FIG. 5:
The relevant cavity modes (top) and spectrum showing how pump and probe laser fields are generated with electrooptic phase modulators (bottom). Laser fields that are not near-resonant with cavity modes are rejected by the cavity and play no role. Sidebands generated by EOM4 and EOM5 to obtain a Pound-Drever-Hall error signal are not shown in the interest of clarity.
probes. The beat frequency measurement is performed with a high-frequency counter. We use this approach for low-frequency measurements, such as in measuring the stable position of the membrane before and after the buckling transitions.
For measuring mechanical motion at frequencies substantially higher than the PDH servo bandwidth (∼ 3 kHz), we use the PDH signal as a probe of membrane position variation. The power spectral densities shown in Fig. 3h and Fig. 4j are obtained by Fourier transform of the PDH signal.
